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ABSTRACT  17 
Phenolic-formaldehyde resins aged at 85, 90 and 95 oC were used as ammonia adsorbents 18 
at dynamic conditions in dry and moist air. To avoid pressure drops 10 % bentonite was 19 
added as a binder. The initial and hybrid materials (before and after ammonia adsorption) 20 
were extensively characterized from the point of view of their porosity and surface 21 
chemistry. The results showed that the addition of the binder had various effects on 22 
materials’ properties depending on the chemistry of their surface groups. When the 23 
phenolic acidic groups were predominant, the largest increase in surface acidity upon 24 
addition of the binder was found. It was linked to the exfoliation of bentonite by polar 25 
moieties of the resins, which made acidic groups from aluminosilicate layers available for 26 
ammonia adsorption. On this sample, a relatively high amount of ammonia was strongly 27 
adsorbed in dry conditions. Insensitivity to moisture is a significant asset of ammonia 28 
adsorbents. 29 
 30 
Keywords: Resorcinol-formaldehyde resins; Porosity; Surface chemistry; NH3 reactive 31 
adsorption 32 
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1. Introduction 33 
Ammonia, besides being a highly toxic gas, affects the formation of a particulate matter 34 
in the atmosphere and thus the state of the pollution in the atmosphere. It can have its 35 
origin either in natural or anthropogenic sources. To decrease ammonia emissions and/or 36 
to protect against its toxicity adsorption on various solid media is used [1-9]. Since 37 
ammonia is a small molecule gas its physical adsorption on the surface of porous 38 
materials is rather weak [2]. This directed the attention of scientists to design adsorbents 39 
on which ammonia could be retained employing specific forces such as polar or acid-base 40 
interactions.  41 
One of the methods often used is the acidification of an adsorbent surface. This method 42 
was successfully applied to activated carbons where an introduction of acidic groups 43 
increased the adsorption of ammonia of about 46 mg/g [10]. On another group of 44 
carbonaceous materials, graphite oxides (GO), high adsorption of ammonia (90 mg/g) 45 
was linked to its direct reactions with surface groups leading to not only ammonium salt 46 
formation but also to amines and amides [11]. Polar surfaces promoted the interactions of 47 
ammonia between the graphene oxide layers of otherwise nonporous graphite oxide. 48 
Chemical reactions also increased the adsorption of ammonia on transition metal 49 
modified activated carbons where the complexation was indicated as the main 50 
mechanism [4, 12]. Complexation was also found important for adsorption of ammonia 51 
on Metal Organic Frameworks, MOF, or on their composites with GO [7]. For instance, 52 
on Cu-BTC or on MOF-5 the adsorption capacities of ammonia in dry conditions reached 53 
115 mg/g [13] and 6 mg/g [14], and on their composites with GO – 149 mg/g [13] and 82 54 
mg/g [14], respectively. The chemical complexation reactions lead to the collapse of 55 
MOF and thus prevents the large scale industrial application of  MOF or their composites 56 
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as ammonia adsorbents. The mechanism and the extent of ammonia adsorption was also 57 
found important in the development of sensing devices based on ZnO/SiO2 [15], Ag-58 
doped γ-Fe2O3/SiO2 [16], graphene [17] and S- and N- co-doped nanoporous carbons 59 
[18]. 60 
Generally, the presence of moisture in air from which ammonia has to be removed was 61 
found as beneficial for the separation process. Water, when adsorbed in the pores of rich 62 
surface chemistry, promotes the dissociation of acidic groups and protonation of 63 
ammonia, thus enhancing its reactivity with the surface [2]. Moreover, owing to the high 64 
solubility of ammonia in water it can be also removed in the dissolved state [2, 4, 7]. 65 
Nevertheless, the latter process lead to the fast removal of ammonia from the pore system 66 
when the adsorbent is exposed to air (drying). This weak adsorption is a big disadvantage 67 
of the separation process, which can lead to the secondary air pollution/exposure to 68 
hazardous conditions.  69 
Therefore, based on the above, the objective of this paper is an analysis of resorcinol/ 70 
formaldehyde (RF) polymeric resins as adsorbents of ammonia. They are obtained by 71 
catalyzed sol-gel polymerization of resorcinol/formaldehyde mixtures in basic conditions, 72 
and their surface is rich in polar and reactive oxygen groups. While the porosity and these 73 
groups are expected to enhance adsorption, the hydrophobicity of the aromatic chains 74 
formed during the cross-linking of the monomers might contribute to water repelling and 75 
thus might lead to a decrease in ammonia solubility in the pore system. Moreover, the 76 
polymeric nature of resins and the abundance of acidic groups might affect the 77 
structure/chemistry of the bentonite used as a binder and thus, by synergy, might affect 78 
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ammonia adsorption. Additionally, insensitivity of ammonia adsorption on the humidity 79 
level is important for their application as separation media. 80 
 81 
2. Experimental 82 
2.1. Materials 83 
Nanoporous resorcinol/formaldehyde (RF) polymeric resins were synthesized by the 84 
conventional sol-gel polymerization of resorcinol (R) and formaldehyde (F) in water (W), 85 
using sodium carbonate (C) as catalyst. Details of the synthesis have been reported 86 
elsewhere [19, 20]. Briefly, the precursors (molar ratios R/C 200, R/W 0.06 and R/F 0.5) 87 
were mixed under magnetic stirring and immediately heated in airtight sealed glass 88 
vessels for gelation/aging at different temperatures (ca. 85, 90, 95 ºC) for 4 hours in a 89 
conventional oven. After completion of the gelation/aging step, the resulting hydrogels 90 
were dried at 150 ºC for 12 h without solvent removal. The nanoporous RF resins are 91 
labeled as RF-T, where T is the temperature of the gelation/aging step. Thus RF-85, RF-92 
90 and RF-95 are RF resins aged at 85, 90 and 95 oC, respectively. 93 
Owing to the powder nature of the resins they are not suitable for their application in an 94 
as-received forms as adsorbents in the dynamic conditions (pressure drop in the adsorbent 95 
bed), hence bentonite (Swy-2; the Source Clay Minerals Repository, University of 96 
Missouri (Columbia, MO); CEC 76.4 meq/100g [21]) was used as a binder. The resins 97 
were mixed in distilled water with 10 wt. % bentonite until a homogeneous paste was 98 
formed and dried at 120 oC. After drying, the paste was crushed and sieved to get the 99 
resin/binder composites in a pelletized form and controlled particle size. The 100 
resin/bentonite composites are labeled as RF-T-B, where -B stands for the bentonite. 101 
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2.2. Methods 102 
2.2.1. NH3 breakthrough dynamic test 103 
Ammonia adsorption capacity was measured at dynamic condition at room temperature 104 
[4]. Ammonia diluted in dry or moist air (70% humidity) was passed through a fixed bed 105 
of an adsorbent, which contained about 2 cm3 of the adsorbent particles (1-2 mm in 106 
diameter). The total flow rate of 1,000 ppm ammonia in air was 225 mL/min. 107 
Breakthrough tests were arbitrarily stopped at 100 ppm (sensor limit). Then desorption 108 
tests were carried out by purging the adsorbent bed with carrier air. An electrochemical 109 
sensor (Multi-Gas Monitor ITX system) was used to measure an ammonia concentration 110 
in the outlet gas. 111 
The adsorption capacity was calculated in mg per g of sorbent and in mg per unit volume 112 
of the bed using the difference between the inlet and outlet concentrations, the inlet flow 113 
rate, the breakthrough time and the ammonia molar mass. The experiments were 114 
performed either in dry (-ED) or in moist conditions after two hours pre-humidification 115 
(-EPM) to evaluate the influence of water on the performance of adsorbents.The spent 116 
adsorbents were labeled as -ED (exhausted dry conditions) or -EPM (exhausted moist 117 
conditions). 118 
 119 
2.2.3. Potentiometric titration 120 
Potentiometric titration was performed using a DMS Titrando 888 automatic titrator 121 
(Metrohm) set at the mode to collect the equilibrium pH. The initial samples and those 122 
exposed to ammonia (0.05 g) were dispersed in NaNO3 (25 mL, 0.01 M) in a container 123 
maintained at 25 °C, equilibrated overnight and continuously saturated with N2. 0.1000 124 
M NaOH was used as a titrant. The experimental pH window was 3-10. The samples 125 
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were acidified with HCl. The collected data was transformed into a proton binding curve, 126 
Q, representing the total amount of protonated sites. The following integral equation 127 
relates it to the pKa distribution: 128 
aaa dpKpKfpKpHqpHQ )(),()( ∫∞
∞−
=   (1) 129 
SAIEUS numerical procedure [22, 23] applying regularization combined with non-130 
negativity constraints was used to solve this equation. The initial pH of the suspension is 131 
discussed as a surface pH value. 132 
2.2.4. Evaluation of porosity 133 
Nitrogen adsorption isotherms were measured at -196 oC on ASAP 2020 (Micromeritics). 134 
Prior to measurements the samples (about 0.1 g) were heated at 120 oC and out-gassed 135 
until 10-4 Torr was reached. The BET surface area, total pore volumes, Vt, (from the last 136 
point of isotherm at relative pressure equal to 0.99) and micropore volume, Vmic (from 137 
DR equation) were calculated from the isotherms.  138 
2.2.5. Elemental Analysis 139 
The content of carbon, hydrogen and nitrogen was measured on LECO CHNS-932 and 140 
the content of oxygen on LECO VTF-900.  141 
2.2.6. Infrared Spectroscopy 142 
FTIR analyses were carried out on the initial and exposed to ammonia samples on a 143 
Nicolet Magna-IR 830 spectrometer with the attenuated total reflectance method (ATR) 144 
on the powdered samples (without KBr addition). 145 
2.2.7. X-ray Diffraction (XRD) 146 
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XRD measurements were conducted on a Phillips X’Pert X-ray diffractometer. The 147 
samples were ground with methanol in an agate mortar and then the mixture were smear-148 
mounted and analyzed using CuKα radiation (tension −40 kV and current −40 mA).  149 
3. Results and Discussion 150 
The direct results of the breakthrough tests are presented in Figure 1. We have to mention 151 
here that on bentonite, at the same experimental conditions the negligible breakthrough 152 
capacities (3.3 and 5.1 mg/g of ammonia in dry and moist conditions, respectively) were 153 
measured [24]. As mentioned in the experimental part, the powder nature of resins did 154 
not allow for their direct evaluation as ammonia adsorbents in dynamic adsorption tests 155 
due to pressure constraints in the adsorbent bed; the addition of a binder to form pellets 156 
was the only way of their utilization in this process. The gaps between the adsorption and 157 
desorption branches of the breakthrough curves -arbitrary stopped at 100 ppm- are related 158 
to the weak adsorption of ammonia. The larger gap, the weaker is the adsorption of 159 
ammonia on the surface. The results show the weak adsorption on all samples in all 160 
conditions but on RF-85-B measured in the moist conditions. For this sample after the 161 
stop of the ammonia flow a decrease in its concentration was measured. Then a small 162 
increase followed by a steep decrease is noticed (inset Figure 1). Similar trends but with a 163 
much larger increase in ammonia concentration can be seen for RF-90-B run either dry or 164 
moist conditions. Moreover, for RF-85-B and RF-90-B the adsorption of ammonia in dry 165 
condition seems to be stronger than that in moist conditions, which is an opposite 166 
behavior to that of activated carbons [2, 4] or MOFs [7, 13, 14]. That specific shape of 167 
the desorption curve suggests the complexity of the adsorption mechanism. 168 
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 169 
Figure 1. Ammonia breakthrough curves measured in dry and moist conditions (inset: 170 
magnification of desorption branches for RF-85-B and RF-90-B at different scale). 171 
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The calculated breakthrough capacities along with the amount of water preadsorbed and 172 
the changes in surface pH are listed in Table 1. While the capacities for RF-85-B in the 173 
moist and dry conditions are almost the same, RF-90-B and RF-95-B reveal 25% and 174 
46% increases in the amount of ammonia adsorbed in the moist conditions, respectively. 175 
Interestingly, the affinity for water adsorption on RF-85-B and RF-90-B are similar and 176 
only on RF-95-B about 40% more water than on the other two samples is adsorbed 177 
(Table 1).  178 
Table 1. The NH3 breakthrough capacities, water adsorbed and the pH values for the 179 
samples run in dry and moist conditions. 180 
NH3 Breakthrough capacity H2O adsorbed pH Sample 
(mg/g of ads.) (mg/cm3 of ads.) (mg/g of ads.) Initial Exhausted 
RF-85-B-ED 33.2 11.7 --- 4.22 7.54 
RF-85-B-EPM 31.0 10.5 148.6 4.22 7.75 
RF-90-B-ED 30.5 10.0 --- 3.84 7.59 
RF-90-B-EPM 38.0 12.4 147.8 3.84 7.94 
RF-95-B-ED 25.7 8.3 --- 4.24 7.34 
RF-95-B-EPM 37.6 11.3 234.3 4.24 7.95 
 181 
Apparently, the results obtained do not follow the trend found for other adsorbents where 182 
the amount of ammonia adsorbed was found to increase linearly with the amount of water 183 
retained in the pores [1].  This is owing to an increase in ammonia adsorption owing to its 184 
dissolution in the film of water adsorbed in the pore system. It makes some adsorbents 185 
useable only at very high humidity levels. It should also be noted that in all cases the 186 
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marked increase in the surface pH was found after ammonia adsorption (neutralization), 187 
and all initial samples have a similar surface pH values (acidic). 188 
To understand this behavior the detailed surface characterization of the initial RF resins 189 
and their mixtures with bentonite was carried out. This was done to link the behavior to a 190 
possible synergistic effect of the binder addition. Since surface chemistry is considered as 191 
important for ammonia adsorption, the stress of our analyses is placed on these properties. 192 
The FTIR results are collected in Figure 2 where the typical spectrum for bentonite 193 
binder is also included.  194 
Here the bands at 792 cm-1, 985 cm-1, 1400 cm-1 1630 cm-1 and 3610 cm-1 represent the 195 
vibrations of Al-O, Si-O, CO32- species, OH of the water molecules and structural OH 196 
groups, respectively. The spectra for all three RF resins are very similar with sharp bands 197 
at 1085 cm-1, 1210 cm-1, 1470 cm-1 and 1600 cm-1 representing C–O vibrations from 198 
methylene oxide groups, C-OH groups, C–H bending modes in methylene ether bridges, 199 
and C=C stretching from the aromatic ring mode conjugated carbonyl and carboxylate 200 
groups, respectively [25]. The peaks below 950 cm-1 might be due to aromatic C–H 201 
bending vibrations.  202 
A broad band between 3220 and 3600 cm-1 is linked to OH vibrations, either in water or 203 
from surface groups. After the addition of bentonite the bands characteristic for both 204 
materials can be clearly distinguished. The sharp band of bentonite at 3610 cm-1 205 
representing the structural OH groups is hardly seen with the minimal intensity. These 206 
results suggest the physical mixture between the binder and RF resins.  207 
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 208 
Figure 2. FTIR spectra for the initial samples and those after NH3 adsorption. 209 
The interpretation of the spectra for the samples exposed to ammonia is rather difficult 210 
owing to the fact that the N-H stretching vibration of ammonia should be between 3200-211 
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3500 cm-1 [26] and it is also the region where water and OH groups are expected to 212 
vibrate. Indeed, after the experiments run in the presence of water, a significant increase 213 
in the intensity of the broad band between 3200 and 3600 cm-1 is noticed. Interestingly, a 214 
sharp band at about 3600 cm-1 related to OH also is more intense than that for the initial 215 
RF resins-bentonite hybrids. NH4+ bending vibrations are expected at 1430 cm-1, which is 216 
close to the vibrations of methylene ether bridges present in the materials. Nevertheless, 217 
the spectra for the exhausted samples clearly show the broadening of the bands in this 218 
region for all samples supporting the existence of ammonium ions in the exhausted 219 
samples in both dry and wet conditions, suggesting reactive adsorption. 220 
Following the FTIR findings, potentiometric titration experiments were performed. The 221 
proton binding curves and the pKa distributions for the species present on the surfaces are 222 
presented in Figure 3 and Table 2, respectively. Interestingly here, the proton binding 223 
curves show the changes in the chemistry of RF-85 and RF-90 upon addition of bentonite. 224 
It is especially visible in an increase in the number of groups dissociating over pH 8. The 225 
extent of these changes is reverse to the differences found between the amount of 226 
ammonia adsorbed in moist and dry conditions. After ammonia adsorption the surface is 227 
much more basic and once again a peculiar trend is noticed in the relative position of the 228 
proton binding curves (for RF-85-B the amount of groups accepting proton is larger in 229 
dry (RF-85-B-ED) conditions than that measured in moist (RF-85-B-EPM) ones. This 230 
difference diminishes for RF-90-B-ED and RF-90-B-EPM, and is reverse for RF-95-B-231 
ED and RF-95-B-EPM). 232 
  14
 233 
Figure 3. Proton binding curves for the initial and exhausted samples. 234 
 235 
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Since the amount of bentonite added was the same for each sample, these differences are 236 
expected to be linked to the differences in the chemistry of xerogels. Even though the 237 
differences in the initial pH are not very visible (3.91, 3.84 and 3.85 for RF-85, RF-90 238 
and RF-95, respectively), the numbers of acidic groups detected on the surface differ 239 
markedly and it increases in the following order: RF-85< RF-90< RF-95 (Table 2). The 240 
latter has 35% more acidic groups than has RF-85. The groups detected on the surface 241 
must include the carbonyl, phenolic/hydroxyl groups from the RF resins and acidic 242 
groups related to aluminosilicate layers from bentonite [27]. The latter should be in 243 
minority since the potentiometric titration of bentonite reported elsewhere revealed only 244 
0.210 mmol/g of surface acidic groups with the surface pH in the basic range (pH is 8.78 245 
[24]). Apparently, the addition of bentonite had the more pronounced effects on the 246 
average chemistry of the less acidic RF resins and its addition increased the number of 247 
acidic groups on the surface of the hybrids based on RF-85, RF-90 and the RF-95 by 248 
69 %, 20 % and 11 %, respectively. That increase for RF-85-B is especially visible in the 249 
range of weak acidic groups. The only plausible explanation at this stage of our study is 250 
that the interlayer acidic groups of bentonite became somehow available for the release of 251 
proton. This might be caused by partial exfoliation of bentonite layers. This process 252 
likely happens on the interface between the binder and resins. The oxygen-containing 253 
groups of the latter are able to enter and expand the interlayer space of the former. 254 
Nevertheless, the adsorption of ammonia on our materials seem to be very complex since 255 
there is not linear relationship between the amount adsorbed in each category of 256 
experimental set up, and the number of acidic groups on the surface. Taking into account 257 
the basicity of ammonia, these groups are expected to be the main NH3 anchoring centers. 258 
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Table 2. Peak position and numbers of groups (in parentheses; [mmol/g]). 259 
 260 
Sample pH pKa 4-5 pKa 5-6 pKa 6-7 pKa 7-8 pKa 8-9 pKa 9-10 pKa 10-11 All 
RF-85 3.91 4.17 
(0.127) 
5.29 
(0.072) 
6.51 
(0.199) 
7.96 
(0.196) 
8.87 
(0.188) 
10.00 
(0.489) 
11.14 
(0.892) 2.163 
RF-85-B 4.22 4.22 
(0.125) 
5.22 
(0.136) 
6.39 
(0.171) 
7.77 
(0.320)  
9.31 
(0.528) 
11.14 
(2.378) 3.658 
RF-85-B-ED 7.54 4.11 (0.165) 
5.10 
(0.173) 
6.17 
(0.167) 
6.98 
(0.202) 
 8.03 (0.303) 
9.30 
(1.467) 
11.09 
(2.617) 5.094 
RF-85-B-EPM 7.75 4.34 (0.176) 
5.42 
(0.145) 
6.93 
(0.244)  
8.11 
(0.240) 
9.22 
(1.322) 
10.62 
(1.286) 3.413 
RF-90 3.84 4.25 (0.154) 
5.81 
(0.138) 
6.59 
(0.115) 
7.76 
(0.175) 
8.45 
(0.209) 
9.79 
(0.502) 
11.15 
(1.296) 2.589 
RF-90-B 4.15 4.44 (0.092) 
5.01 
(0.098) 
6.24 
(0.202) 
7.61 
(0.282) 
8.47 
(0.209) 
9.66 
(0.575) 
11.15 
(1.628) 3.086 
RF-90-B-ED 7.59 4.27 (0.186) 
5.16 
(0.147) 
6.31 
(0.159) 
7.15 
(0.201) 
8.24 
(0.335) 
9.37 
(1.506) 
11.12 
(2.560) 5.094 
RF-90-B-EPM 7.94 4.52 (0.199) 
5.24 
(0.071) 
6.34 
(0.177) 
7.38 
(0.238) 
8.55 
(0.369) 
9.38 
(1.322) 
11.10 
(1.713) 4.089 
RF-95 3.85 4.36 (0.152) 
5.77 
(0.125) 
6.60 
(0.203) 
7.92 
(0.307)  
9.10 
(0.295) 
9.96 
(0.495) 
11.10 
(1.349) 2.926 
RF-95-B 4.24 4.33 (0.095) 
5.17 
(0.130) 
6.50 
(0.236) 
7.72 
(0.247) 
8.59 
(0.241) 
9.62 
(0.605) 
11.08 
(1.717) 3.271 
RF-95-B-ED 7.34 4.50 (0.224) 
5.82 
(0.213) 
6.65 
(0.113) 
7.40 
(0.236) 
8.63 
(0.516) 
9.53 
(1.125) 
11.10 
(1.890) 4.317 
RF-95-B-EPM 7.95 4.53 (0.207) 
5.90 
(0.207) 
6.75 
(0.093) 
7.36 
(0.201) 
8.51 
(0.343) 
9.40 
(1.242) 
11.09 
(1.601) 3.894 
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The pKa distributions (Table 2) for the samples exposed to ammonia clearly show an 261 
increase in the number of groups having pKa between 9 and 10. We link them to the 262 
appearance of ammonium ions (pKa value of ammonium hydroxide is 9.25) [28] 263 
indicating acid-base reactions as the main reactive adsorption mechanism. In Table 3 we 264 
list the amounts of these new surface species in mmol per gram of an adsorbent and we 265 
compared them to the amount of NH3 adsorbed based on the breakthrough tests. For this 266 
comparison one has to remember that the titration experiments are carried out after 267 
desorption of weakly adsorbed ammonia, which was generally more pronounced in the 268 
experiments run in moist conditions. For RF-85-B, regardless the conditions, about 75 % 269 
of adsorbed ammonia is in NH4+. For the other two samples a significantly higher 270 
reactivity is found in dry conditions than those in moist ones, suggesting that adsorbed 271 
water in this case blocks some reactive sites for ammonia and thus limits the available 272 
surface where reactions can take place.  273 
 274 
Table 3. Comparison of the amount of ammonia adsorbed to the amount of ammonia 275 
reacted with the surface groups. 276 
Sample NH3 adsorbed 
(mmol/g) 
NH4+ 
(mmol/g) 
pKa < 7 
(mmol/g) 
pKa > 7 
(mmol/g) 
Total acidic groups 
(mmol/g) 
NH4+/NH3 
RF-85   0.398 1.765 2.163  
RF-85-B   0.432 3.226 3.658  
RF-85-B-ED 1.953 1.467 0.707 4.387 5.094 0.75 
RF-85-B-EPM 1.824 1.322 0.565 2.848 3.413 0.73 
RF-90   0.407 2.182 2.589  
RF-90-B   0.392 2.694 3.086  
RF-90-B-ED 1.794 1.506 0.492 4.602 5.094 0.84 
  18
RF-90-B-EPM 2.235 1.322 0.447 3.642 4.089 0.59 
RF-95   0.480 2.446 2.926  
RF-95-B   0.461 2.810 3.271  
RF-95-B-ED 1.512 1.125 0.550 3.767 4.317 0.74 
RF-95-B-EPM 2.212 1.242 0.507 3.387 3.894 0.56 
 277 
The question arises why ammonia adsorption on RF-85-B is insensitive in the presence of 278 
water in the system, even though this sample has the highest number of acidic groups, 279 
which are expected to be hydrophilic. Interestingly the chemical analysis showed that this 280 
RF resin has the lowest content of oxygen (Table 4), although no marked differences in 281 
the content of oxygen are found. The similarities in the total oxygen content for all resins 282 
and the differences in the number of acidic groups, which in fact are expected to be 283 
oxygen based, for hybrid materials suggest that RF-90-B and RF-95-B have a significant 284 
number of polar groups not acidic/basic in their nature. Based on the chemical 285 
composition of RF resins their surface groups are expected to be both phenolic and ether 286 
oxygen groups [19, 20]. From those only the former one should have a weakly acidic 287 
character. The latter groups, on the other hand, attract water without providing protons 288 
needed for formation of ammonium ions. Bentonite, on the other hand, can provide some 289 
oxygen groups originating from its aluminosilicate layers. As the studied resins were 290 
prepared using the same formulation (in terms of R/F, R/C and R/W molar ratio), the 291 
differences in the surface chemistry must be related to the temperature during the 292 
gelation/aging step. As mentioned above, the sol–gel mechanism is initiated by the 293 
addition reaction of the RF precursors and cluster growth. While the addition reaction is 294 
controlled by the molar ratios used in the precursor’s mixture, the rate of the clusters 295 
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growth and cross-linking depends on the temperature of the gelation/aging [20]. The 296 
increase in the temperature would favor the formation of branched clusters with higher 297 
amounts of ether-bridges connecting the aromatic units. However above 85 ºC, the fast 298 
evaporation rate of the aqueous medium and the changes in the dissociation constants of 299 
water and resorcinol (hence modifying the pH) may provoke a phase de-mixing that 300 
would affect the development of porosity and the cross-linking arrangement of the 301 
monomers. This would explain the fact that RF-85 is the richest in the number of OH 302 
groups, despite its lowest oxygen content (Table 4). 303 
 304 
 Table 4. Elemental analysis for the materials studied (in wt. %). 305 
Sample C O H 
RF-85 65.53 29.98 4.47 
RF-90 64.10 31.56 4.31 
RF-95 62.58 33.09 4.31 
 306 
Even though a water film can be formed on ether groups in the pore system, ammonia 307 
can be only dissolved in it, resulting in an increase in the weak adsorption. The acidic 308 
groups, on the contrary, even though they are also polar and thus attract water, dissociate 309 
leading to acid-base reactions. The same reaction, however direct, happens in the dry 310 
conditions and this is a hypothesized scenario on the RF-85-B hybrid material. 311 
As suggested above, the presence of phenol/hydroxyl groups in the polymeric chains 312 
could cause a partial exfoliation of the polymer chains between the clay layers, especially 313 
in the case of RF-85-B, for which a significant increase in acidity was found. X-Ray   314 
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patterns collected in Figure 4 provide a direct proof for this exfoliation process. For all 315 
initial resin/bentonite hybrids, at the diffraction angle when d001 of bentonite should be 316 
seen (see diamond in Figure 4) only broad peaks are revealed supporting the loss of 317 
ordered structure. On the other hand, after adsorption of ammonia at moist conditions the 318 
rearrangement of the clay layers is clearly seen by the peak at 7.1º representing d001=1.23 319 
nm. This might happen as a result of the reaction of ammonia with phenolic/hydroxyl 320 
groups and thus their withdrawal from the clay interlayer space. Interestingly, we do not 321 
observe the d001 peaks of bentonite after adsorption in dry conditions. This suggests that 322 
water in the system promotes the reaction of ammonia with the resin functional groups on 323 
the interface between resin and the binder.  324 
Not without importance are the differences in the porosity of the original RF resins. The 325 
nitrogen adsorption isotherms collected in Figure 5 show the characteristic shape for 326 
micro/mesoporous materials. Based on the complex shapes of the hysteresis loops, the 327 
mesopores are structurally very heterogeneous and they are more complex in RF-85 than 328 
in RF-95. RF-90 has the porosity in-between the two other samples. From all three 329 
samples, RF-85 is the most porous with the highest surface area and the volume of 330 
micropores. These factors contribute to the high dispersion of oxygen on the surface. 331 
That oxygen is either in groups contributing from phenols or ether. Regarding the polar 332 
groups, their high surface dispersion decreases the probability of the pore blocking by 333 
water and should allow the migration of ammonia to the surface acidic groups when the 334 
adsorption is run in moist conditions. 335 
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 336 
Figure 4. XRD pattern for the initial RF resins, with bentonite (B) and after ammonia 337 
adsorption (diamond: d001 peak of bentonite).  338 
  22
The addition of bentonite changes the porosity drastically and once again the biggest 339 
change (a decrease) in surface area is found for RF-85-B (47%) followed by RF-90-B 340 
(40%) and RF-95-B (37%). This effect is linked to the blocking of small pores in RF 341 
resins by attached bentonite layers. Exfoliation of these layers increases the extent of 342 
surface area by increasing the contact/interface with the surface of RF resins. After 343 
ammonia adsorption further decrease in surface area and porosity is noticed in a whole 344 
range of pore sizes (Figure 5 and Table 5) owing to blocking of some pores by the 345 
products of surface reactions and by reversal of the exfoliation process. The decrease is 346 
more pronounced after ammonia adsorption in moist conditions, which can be linked to 347 
the increased amount of NH3 adsorbed, especially for RF-90-B and RF-95-B. A decrease 348 
in the surface area for RF-85-B with similar amounts of NH3 adsorbed at both conditions 349 
might be linked to a change in bentonite/RF interface as a result of interaction with 350 
ammonia. That sample was originally most acidic and exposure to ammonia affects its 351 
surface chemistry to greatest extent. 352 
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 353 
Figure 5.  N2 adsorption isotherm at -196 oC for the materials studied.  354 
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Table 5. The parameters of porous structure calculated from nitrogen adsorption 355 
measurements. 356 
Sample 
SBET 
(m2/g) 
Vt 
(cm3/g) 
Vmeso 
(cm3/g) 
Vmic 
(cm3/g) 
RF-85 526 0.49 0.35 0.14 
RF-85-B 277 0.25 0.18 0.07 
RF-85-B-ED 246 0.22 0.16 0.06 
RF-85-B-EPM 204 0.17 0.12 0.05 
RF-90 485 0.45 0.33 0.12 
RF-90-B 289 0.26 0.19 0.07 
RF-90-B-ED 252 0.24 0.18 0.06 
RF-90-B-EPM 186 0.16 0.11 0.05 
RF-95 476 0.42 0.30 0.12 
RF-95-B 300 0.29 0.22 0.07 
RF-95-B-ED 280 0.27 0.21 0.06 
RF-95-B-EPM 201 0.18 0.13 0.05 
 357 
A peculiar trend in ammonia concentration during the desorption process (a spike on the 358 
desorption curves on RF-85-B and on RF-90-B) can be explained by the removal of 359 
ammonia adsorbed on the centers of various adsorption energies and thus the differences 360 
in the kinetic of the desorption process (Figure 1). Apparently, there is a delay in the 361 
desorption of ammonia from the surfaces of these two samples and the effect is stronger 362 
for the most acidic samples and it decreases with a decrease in surface acidity. This effect 363 
can be related to removal of ammonia interacting with the acidic centers of exfoliated 364 
clay layers (aluminosilicates). Since these centers can be at the interface between the 365 
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resin and clay phases, they can be located in small pores and besides exhibiting strong 366 
adsorption energy, their location can also contribute to the observed behavior. This effect 367 
is not observed in the moist conditions since here the removal of water with dissolved 368 
ammonia governs the desorption process at the beginning. 369 
4. Conclusions 370 
This paper shows that, upon addition of the clay binder, phenolic resins of specific 371 
composition/surface chemistry can be used as efficient adsorbents of ammonia. Their 372 
original powdered form excludes their application in a pristine form in dynamic 373 
conditions. An important finding is that the amount adsorbed is relatively high and it 374 
might not be affected by the presence of moisture in air. This scenario happens when a 375 
resin with a high number of acidic/phenolic functionalities is used. Its chemical and 376 
morphological composition allows the exfoliation of the clay binder resulting in an 377 
increase in the number of acidic groups, which are strong adsorption centers for ammonia 378 
in dry conditions. Polar oxygen groups also increase the amount of ammonia adsorbed, 379 
although the adsorption is weak. Moreover, they attract water in the moist conditions 380 
promoting dissolution of ammonia in water film. The majority of ammonia is adsorbed 381 
following acids-base reactions with surface functional groups. Even though, taking into 382 
account the stability of our hybrid adsorbent (bentonite swelling in water and a low 383 
thermal stability of resin) the conventional regeneration (through ion exchange or heat 384 
treatment) over consecutive cycles seemed rather not feasible, it is interesting to point out 385 
that the spent adsorbents of basic properties have a potential to be used as an acidic gases 386 
separation media. 387 
 388 
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Captions to the Tables 466 
Table 1. The NH3 breakthrough capacities, water adsorbed and the pH values for the 467 
samples run in dry and moist conditions. 468 
Table 2. Peak position and numbers of groups (in parentheses; [mmol/g]). 469 
Table 3. Comparison of the amount of ammonia adsorbed to the amount of ammonia 470 
reacted with the surface groups. 471 
Table 4. Elemental analysis for the materials studied (in wt. %). 472 
Table 5. The parameters of porous structure calculated from nitrogen adsorption 473 
measurements. 474 
 475 
Captions to the Figures 476 
Figure 1. Ammonia breakthrough curves measured in dry and moist conditions (inset: 477 
magnification of desorption branches for RF-85-B and RF-90-B at different scale). 478 
Figure 2. FTIR spectra for the initial samples and those after NH3 adsorption. 479 
Figure 3. Proton binding curves for the initial and exhausted samples. 480 
Figure 4. XRD pattern for the initial RF resins, with bentonite (B) and after ammonia 481 
adsorption (diamond: d001 peak of bentonite). 482 
Figure 5.  N2 adsorption isotherm at -196 oC for the materials studied. 483 
